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Phase defects that introduce errors in the printed image are one of the major yield limiters 

for reticles in extreme ultraviolet lithography.  The basis for a reticle is a mask blank, 

consisting of an ultra-low-expansion substrate and a reflective multilayer stack that is 

made up of Mo and Si.  A potential methodology for repairing phase defects in these 

mask blanks is to locally irradiate it with a high-resolution electron beam to induce 

structural deformations that cancel out the distortion of the multilayer.  We present 

experimental and modeling results that show that the interaction of an electron beam with 

a mask blank can only be understood when the contraction of the multilayer through 

silicide formation and substrate compaction, as well as the mechanical response of the 

mask blank, are considered.  One of the consequences is that electron beams with 

energies around 10 keV that are less than 20 nm in diameter induce depressions in 
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multilayers made up of 50 Mo/Si bilayers that have a surprisingly large diameter of about 

a micrometer.  Our models suggest that these unacceptably large diameters can only be 

reduced if the compaction of the substrate is prevented.  
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I. Introduction 

 

Extreme ultraviolet lithography (EUVL) is one of the leading candidates for the 32 nm 

technology node for semiconductor integrated circuits.  EUVL incorporates the use of all-

reflective optics, including reflective masks.  The basis for an EUVL reticle is a mask 

blank that consist of an ultra-low-expansion substrate and a multilayer stack that is made 

up of typically 50 bilayers of Mo and Si.  Si acts primarily as the low-absorption spacer 

material, and Mo as the absorber.  In this multilayer stack, a standing wave field forms to 

reflect light at a wavelength of around 13.4 nm [1]. 

 

Several aspects of EUVL still need to be improved to meet the requirements for high-

volume manufacturing.  In particular, defects that introduce errors in the printed image 

are one of the major yield limiters for mask blanks.  Several defect reduction schemes 

including the development of a cleaner deposition process [2] or optimization of the 

reflective multilayer deposition process to allow smoothing of particles or pits [3] have 

been suggested, but it is questionable if these techniques alone will be sufficient to meet 

the very stringent requirements for EUVL reticle production [4].  In order to alleviate this 

problem, it has been suggested that mask blank yield can be improved by repairing 

defective mask blanks [5].   
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It is unique to EUVL that particles even smaller than 30 nm in diameter that are located 

on or near the substrate can nucleate defects in the multilayer coating that result in errors 

in the printed image [6].  These kinds of defects are called phase defects.  The local 

distortion of the multilayer structure associated with phase defects leads to a phase shift 

of the reflected EUV radiation over the defect, whereas the amplitude of the reflected 

light is essentially unchanged.  It has been suggested to repair these phase defects by 

heating the multilayer locally with a high-resolution electron beam to activate silicide 

formation that lead to deformations that cancel out the distortion of the multilayer [5].   

 

The distortions of the multilayer associated with phase defects depend on the shape and 

size of the particle, and on the details of the multilayer deposition process.  Figure 1 

shows calculations of the width and height of a surface bump in a multilayer as a function 

of particle size.  In this case the mask blank consists of 50 bilayers with a spherical 

particle between the multilayer and with the substrate.  The calculations were performed 

assuming an ion-assisted smoothing process described in [3].  The height of the surface 

bumps is on the order of a few nanometers, and the diameter varies between 

approximately 75 and 100 nm, depending on the size of the defect.  These dimensions 

lead to the definition of the specific requirements for the interaction of the electron beam 

with the multilayer for phase defect repair in that the diameter of the depressions has to 

be less than 100 nm.  Mirkarimi et al. [5] demonstrated that an electron beam can heat a 

multilayer to sufficiently high temperatures so that local multilayer contraction can be 

observed.  However, the electron beam that was used in that initial set of experiments 
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was 400 µm in diameter, and, as expected, the depression diameters were of similar 

magnitude. 

 

The objective of this work is to reduce the diameter of the electron-beam-induced 

depressions which is necessary to develop a viable phase defect repair technique for 

EUVL mask blanks.  In the course of our experimental work, we have found that the 

diameter of these depressions is 10 to 100 times larger than the nm-sized electron beam 

diameter.  We further determined that the electron beam current that is required to induce 

surface depressions in standard EUVL mask blanks is lower than previous modeling has 

suggested [5, 7].  We have found that both the strains due to the interaction of the 

electron beam with the multilayer and the substrate, as well as the mechanical response 

of the mask blank to the electron-beam-induced free strains have to be taken into account 

to explain these results.  In this paper we (i) discuss the physical models describing the 

interaction of an electron beam with an EUVL mask blank, (ii) present our experimental 

observations using electron beams of deep sub-micron diameter and compare them to the 

models, and (iii) refine the list of requirements for the phase defect repair technique. 

 

II. Procedure 

 

We will first outline the models and simulation tools that we used to describe the electron 

beam interaction with a mask blank.  We then discuss the experimental setup for testing 

and validating the models. 
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A. Modeling 

 

We modeled the deformations of an EUVL mask blank consisting of a Mo/Si multilayer 

reflective coating deposited on a silica substrate upon electron beam exposure.  We give 

an overview of the model in this section and describe the different parts of it in more 

detail below.  The multilayer coating was composed of N bilayers with a bilayer 

thickness of Λ = 7.0 nm.  The total film thickness is then the product of N and Λ.   

 

The transport of the electron beam in the multilayer coating and the corresponding energy 

deposition were calculated using a Monte Carlo approach [8].  The result corresponds to 

the energy deposited per unit volume for a single incident electron.  This was 

subsequently convolved with the profile of the incident beam that was assumed to be 

Gaussian-shaped, to obtain the actual energy deposition profile.  The deposited energy 

can lead to volumetric changes in (i) the multilayer due to molybdenum silicide 

formation [9] and (ii) in the substrate due to silica compaction [10].  We calculated the 

stress-free strains associated with these volumetric changes, and then calculated the 

mechanical deformation of the mask blank using finite element modeling (FEM) to solve 

for the displacement equations.  The volume change in the multilayer was determined by 

first calculating the temperature profile in the mask blank produced by the electron beam 

exposure using FEM to solve for the thermal diffusion, and then calculate the 

molybdenum silicide formation at elevated temperature.  The volume change in the 
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substrate was determined by calculating the energy dose in the substrate and using 

literature data to relate the dose to the associated volume compaction [11]. 

 

i. Energy deposition due to electron beam 

 

The electron transport in the multilayer and the corresponding energy deposition were 

calculated using a Monte Carlo approach [8].  We used the Rutherford model to describe 

the elastic scattering [12, 13] and a modified Bethe equation to describe the inelastic 

scattering leading to energy loss [14, 15,16].  We used a single scattering model that 

handles each scattering event that changes the direction of the electron trajectory 

separately.  The effect of secondary electron production on the energy deposition profiles 

was found to be negligible.   

 

Calculations were performed for electron beam voltages ranging from 4 to 20 kV.  The 

multilayer was modeled as a homogeneous film on a silica substrate.  The materials 

parameters for the film corresponded to the appropriately weighted averages of Mo and 

Si, assuming that the ratio of the Mo layer thickness to the bilayer thickness was Γ = 0.4.  

These values are listed in Table I.  The stoichiometry of the equivalent single film is 

Mo0.46Si0.54. 

 

ii. Temperature profile and silicide formation 
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The temperature profile produced by the electron beam exposure was calculated using the 

commercial FEM software FlexPDE [17].  We considered the case of exposing the mask 

to a stationary electron beam.  For exposure times of 1 s or larger, the response time of 

the system of the order of microseconds is much smaller than the duration of the 

stationary beam, so that we modeled the thermal transport using the time-independent 

diffusion equation.  In cylindrical coordinates [18], 
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where κ is the thermal conductivity, and H is the rate of energy deposition by the electron 

beam.  r is the radial coordinate in the plane of the multilayer, and z is the vertical 

coordinate perpendicular to the substrate.  For the heat source we imported the tabulated 

results from the Monte Carlo simulations into the FEM calculation, and interpolated this 

data onto the finite element mesh.   

 

Boundary conditions were imposed in which the top surface of the mask was thermally 

insulated, and the sides and bottom surface were fixed at room temperature (300oK).  The 

thickness of the substrate was chosen to be 100 µm, and the size of the simulation domain 

in the radial dimension was 100 µm.  The dimensions were sufficiently large to eliminate 

any effects due to the boundary conditions on the sides and bottom surface of the mask. 
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As above, we treated the multilayer coating as a homogeneous film having material 

properties that were a weighted average of Mo and Si.  The thermal conductivity of the 

substrate was assumed to be isotropic.  However, the thermal conductivity of the 

multilayer is generally different in- and out-of-plane and was estimated from literature 

date, as described in Appendix I.  As expected, our calculations show that the thermal 

conductivity of the multilayer is much smaller than the thermal conductivity of the 

corresponding bulk materials due to strong interface scattering:  The mean free path of an 

electron in Mo is 23 nm [19], whereas the nominal Mo thickness in the multilayer is less 

than 3 nm.  The thermal properties we used are listed in Table II. 

 

Finally, we calculated the free-strains associated with the silicide formation at the 

multilayer interfaces.  The reaction of Mo and Si is rate-limited by thermally-activated 

interdiffusion.  The width of the interlayer, w, increases with time according to 

 

Dt2ww 2
0

2 += ,        (2) 

 

where w0 is the as-deposited interlayer width, and  t is the time. D is the diffusivity given 

by  

 

D(T) = D0 exp(-Ea/kT),        (3) 
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where T is the temperature, Ea is the activation energy, k is the Boltzmann constant, and 

D0 is a constant.  It has been observed that interfaces where Mo is deposited on Si behave 

differently from the interfaces where Si is deposited on Mo [9].  For interfaces with Mo 

on top of Si, w0 ≈ 0.5 nm and D0 ≈ 5 cm2/s, and for interfaces with Si on on top of Mo, 

w0 ≈ 1.0 nm and D0 ≈ 50 cm2/s [9].  The formation of the silicide interlayer produces a 

contraction of the multilayer period given by 

 

( )00 ww −α−Λ=∆Λ .       (4) 

 

Here, α is the contraction factor that depends on the particular silicide compound that is 

formed.  In this study we have used α = 0.38, which corresponds to the contraction that 

occurs upon the formation of MoSi2. 

 

iii. Substrate compaction 

 

The fractional volume change or dilatation that results when fused silica is irradiated with 

high-energy particles has been investigated for many years.  The dependence of the 

compaction on the fluence has been studied for several kinds of irradiations, including 

neutron, light-ion, electron, and γ-rays [10].  The detailed physical origin of the 

compaction is not well understood [20], but the effect has been recognized as a potential 

issue in a variety of areas, such as optical elements for photolithography or oxide films 
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used in the semiconductor industry.  It has also been suggested that the change in 

refractive index that accompanies the dilatation could be used to fabricate waveguides 

[21]. 

 

We used the results of the energy deposition from the Monte Carlo simulations, the 

electron current, and the pulse length to determine the dose as a function of position in 

the glass substrate.  We then use the experimental data reported by Norris et al. that 

describes the dilatation effects in fused silica due to 2 to18 keV electron irradiation [11] 

in order to determine the stress-free strains in the substrate due to electron exposure.  We 

assume for the stress-free strains due to silicide formation discussed in the previous 

Section to occur only in the vertical z-direction, whereas the volume change associated 

with substrate compaction is isotropic.   

 

We do not expect that pure thermal heating of the mask blank by the electron beam will 

lead to substrate compaction, but rather that energetic particles are necessary to induce 

dilatations.  This agrees with observations by von Bibra et al. that silica compaction 

actually relaxes upon longer thermal annealing [22].  The annealing times needed to relax 

the structure are much longer than our electron beam exposure times. 

 

iv. Mechanical deformation of the mask blank 
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Both silicide formation and substrate compaction lead to volumetric changes that can 

formally be characterized by stress-free strains.  Stress-free strains describe the 

deformations of the material if it were free to change its volume.  However, the mask 

blank material cannot contract or expand freely, leading to extrinsic stresses.  By 

considering the mechanical response of the material, we can calculate the constrained 

strains in the mask blank, which describe the actual mechanical deformation due to 

electron beam exposure. 

 

For the mechanical calculations we assumed that both the multilayer and the substrate are 

isotropic materials that behave perfectly elastic.  In cylindrical coordinates, the 

differential equations of equilibrium arising from a force balance in the material are [23] 
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σz, σr, and σt are the stresses in the z-, r-, and theta-directions, respectively, and τrz is the 

shear stress.  The constrained strains can then be calculated using the constitutive 

relations of the materials based on Hooke’s law.  The mechanical materials properties we 
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assumed in the calculations are listed in Table III, and we assume that they do not change 

during the phase transformation of the material. 

 

B. Experimental procedure 

 

We deposited Mo/Si multilayer films on 6.3 mm-thick and 25.4 mm-wide ultra-low-

expansion (ULE) substrates [24] using an ion beam sputtering process process [3].  For 

most of the experiments we deposited 50 bilayers, and for some experiments we 

deposited 25 and 99 bilayers instead.  In all cases we deposited an extra silicon layer, so 

that all multilayers had silicon layers on the top and at the bottom.  The bilayer thickness 

was ~7.0 nm, and the ratio of the Mo layer thickness to the bilayer thickness, Γ, was 

approximately 0.4.   

 

The Mo/Si samples were irradiated with a mono-energetic electron beam with an energy 

between 4 and 15 keV.  For the different exposures, the electron beam current was varied 

between 1 and 1000 nA.  The electron beam was stationary, and the exposure time was 1 

s.  We used two different tools to generate the electron beam.  In the first set of 

experiments, we focused the electron analysis beam of a JEOL 8200 electron microprobe 

onto the sample surface.  This electron beam tool is capable of achieving electron 

currents of 1 µA, and the beam diameter is 400 nm or larger.  We estimated the electron 

beam diameter by imaging gold islands on a carbon substrate, and taking the beam 

diameter as the minimum distance of two Au edges that can be resolved.  In the second 
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set of experiments, we focused the electron beam of a JEOL JSM-7000F field emission 

scanning electron microscope (SEM) onto the sample surface.  With this electron beam 

tool we achieved currents up to 150 nA at 10 keV, and the diameter of the beam was 

smaller than 20 nm.  The dependence of the electron beam diameters of these tools on 

electron energy and current are described in more detail in the next Section. 

 

The surface profiles were measured using a ZYGO white light interferometer [25] and, 

for comparison and calibration, using an atomic force microscope (AFM).  The peak 

depression was taken as the depth of a surface depression, and the full-width-at-half-

maximum (FWHM) as the width.   

 

We studied the exposure of multilayers of different thicknesses to electron beams of 

various parameters as described in more detail in the following Section.  In a subset of 

the experiments, we pre-annealed the multilayer prior to electron beam exposure for 2 

hours at 150oC in a vacuum of 10-8 Torr.  To test the effect of the substrate on the mask 

blank deformation, we replaced the ULE substrate with silica, Zerodur [26], or crystalline 

silicon substrates, and we also exposed ULE substrate coated just with a 4.5 nm bilayer 

of Mo and Si without a multilayer in some experiments.   In a final subset of experiments, 

we replaced the standard Mo/Si multilayer film with a multilayer with a thin B4C 

interlayer between each interface. 
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III. Experimental Results 

 

Figure 2 shows estimates of the electron beam diameter of the microprobe and the SEM.  

We were able to achieve much smaller electron beam diameters in the SEM, but on this 

tool the currents were limited to 70 nA at 4 keV, 150 nA at 10 keV, and 200 nA at 15 

keV.  The microprobe allowed using currents up to 1 µA, but the diameter was larger 

than 400 nm. 

 

Figure 3 (a) shows the depression profile of a Mo/Si multilayer that was irradiated for 

one second with a 12 keV electron beam from the microbeam tool using a current of 20 

nA, obtained using a ZYGO white light interferometer.  Since the depression diameter of 

2 to 2.5 µm is comparable to the lateral resolution of the interferometer of approximately 

1 µm, we compared these results with surface profiles measured using an atomic force 

microscope (AFM).  The AFM has better lateral resolution, but the measurements are 

more time-intensive since the small field of view of an AFM makes cross registration to 

locate the depressions more difficult, and the scan time is substantially larger.  We 

compared the depths and widths of the depressions obtained with the interferometer with 

the measurements from the AFM and found that the results agree within 20 % for 

depressions larger than 1.5 µm.  In the following, all depths and widths measurements for 

depressions larger than 1.5 µm were measured using the interferometer, and smaller 

depressions were measured using AFM. 
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Figure 4 shows the depth of surface depressions of an ion-beam-deposited Mo/Si 

multilayer with 50 bilayers on a ULE substrate that was irradiated for one second with 

either a 10 or 12 keV electron beam using the microprobe, as a function of the electron 

beam current.  The widths of the surface depressions were approximately 2.5 µm.  We 

found that both higher electron energies and larger electron beam currents lead to deeper 

surface depressions.  For very high currents the depression depth tends to saturate.  We 

performed similar experiments on magnetron-deposited Mo/Si multilayers and found that 

the results were similar to the ion-beam-deposited multilayers. 

 

Figure 5 shows the depth of surface depressions of a Mo/Si multilayer film with 50 

bilayers on a ULE substrate that was irradiated with an electron beam for one second 

using the SEM, as a function of electron beam current.  The depressions were produced 

using 10 keV and 15 keV electron beams with diameters in the range from 5 nm to 15 

nm, as shown in Figure 2 (b).  No depressions were observed with a 4 keV electron beam 

for currents up to 70 nA.  We again found that both higher electron energies and larger 

beam currents lead to deeper surface depressions, and that the depression depth tends to 

saturate for high currents.  Figure 6 shows the corresponding FWHM of the depressions.  

We observe that the depression diameters far exceed the electron beam diameters. 

 

It can be expected that the relative contribution of the multilayer contraction and the 

substrate compaction to the stress-free strains will change depending on the multilayer 

thickness, since for a thicker multilayer, the electron beam needs to penetrate a thicker 

film before it reaches the substrate.  Figure 7 shows the depths of surface depressions in 
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Mo/Si multilayers films with 25, 50, and 99 bilayers on ULE substrates that were 

irradiated with a 10 keV electron beam for one second using the microprobe.  We found 

that the depression depth generally decreases with increasing multilayer thickness. When 

we exposed a blank ULE substrate coated with just one Mo/Si bilayer to prevent surface 

charging effects to an electron beam, we also observed surface depressions.  Figure 8 

shows the depression depth as a function of the electron energy for an electron beam 

current of 10 nA and exposure times of 1 second.  The electron energy was varied 

between 2 and 10 keV, and the depression depth was found to increase with increasing 

electron energy.  Since no multilayer is present, these depressions are solely due to 

substrate compaction. 

 

Another way to vary the relative contribution of the multilayer contraction and the 

substrate compaction is to slow the silicide formation process by incorporating an 

interlayer between each silicon and molybdenum interface.  We used 2 nm of B4C as an 

interlayer by depositing 50 Si/B4C/Mo/B4C stacks, of which the bottom and top layers 

were silicon.  This multilayer was exposed to a 10 keV electron beam for 1 second.  

Figure 9 shows the depression depth as a function of the electron beam current, and it can 

be seen that the electron current requirements for interface-engineered multilayers with 

B4C diffusion barriers is more stringent.  Note that this result is more important for 

gaining a physical understanding of the contraction mechanism than for the technological 

development of a phase defect repair process since while a B4C interlay is being 

considered seriously for multilayer-coated optics, it is not as important for multilayer-

coated mask blanks. 
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The substrate material is expected to affect the shape and depth of the surface depressions 

since it both cools the irradiated multilayer, thereby reducing the amount of silicide 

formation, and it possibly exhibits volumetric compaction.  We irradiated Mo/Si 

multilayer films with 50 bilayers on fused silica, ultra-low-expansion glass (ULE), 

Zerodur, and crystalline Si substrates with a 10 keV electron beam for 1 second.  ULE is 

fused silica doped with Ti to reduce the coefficient of thermal expansion [24], and 

Zerodur is a multi-phase zero-expansion glass ceramic [26].  We did not find any 

differences in the surface depressions of irradiated multilayers on fused silica and ULE 

substrates.  However, for samples with Zerodur substrates, significantly larger electron 

currents were required to induce surface depressions than for samples with ULE 

substrates, and eventually the surface started to buckle.  Note that this is not expected to 

be an issue since ULE is currently the leading candidate material for the mask substrate.  

For Si, we did not observe any surface changes for currents up to 1 µA, which is the 

highest current we used in our experiments. 

 

Finally, to further determine if substrate compaction or multilayer contraction dominates, 

we modified the initial silicide thickness by annealing a Mo/Si multilayer film with 50 

bilayers on a ULE substrate for 2 hours at 150oC.  We observed that the annealing step 

reduced the wavelength at which the reflectance peaks by 0.1 nm, which corresponds to a 

2.5 nm contraction of the whole multilayer film.  We then irradiated this film for 1 

second with a 10 keV electron beam with currents up to 100 nA.  According to Equation 

(2), this sample would deform differently if multilayer contraction dominated.  We 
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repeated this experiment with a film that was not annealed, and we did not observe any 

differences in the surface depressions, suggesting that substrate compaction dominates. 

 

IV. Modeling Results 

 

We performed calculations of the energy deposition profiles for electron energies ranging 

from 5 to 20 keV for various multilayer thicknesses.  We found strong scattering within 

the multilayer coating and, for high energies, also scattering within the substrate.  This 

causes the deposition profile to expand laterally with depth, producing the well-known 

tear-drop-shaped contours [27].  The energy deposition profiles and the amount of energy 

that is transported away by backscattered electrons depend on the electron energy and 

multilayer thickness.  Figure 10 shows the fraction of the incoming electron energy that is 

deposited into the substrate, deposited into the multilayer, and backscattered, as a 

function of the multilayer thicknesses for different electron energies.  The amount of 

backscattered energy varies between 15 and 20 %.  As expected, the fraction of energy 

that is deposited into the substrate increases with increasing electron energy. 

 

The energy deposition by the electron can lead to deformation of the mask blank due to 

both heating of the multilayer that leads to multilayer contraction induced by silicide 

formation, and compaction of the substrate.  Figure 11 shows the calculated peak 

temperature rise as a function of electron current for a multilayer consisting of 50 

bilayers, irradiated by 4, 10, and 15 keV electrons.  The peak temperature is an 
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approximate measure for the onset of stress-free deformations in the multilayer.  For the 

electron beam diameters in these simulations, we used the measured diameters of the 

SEM, see Figure 2 (b).   

 

It is convenient to describe the mask blank deformation by stress-free strains, and then 

calculate the mechanical response of the system separately.  To demonstrate the effect of 

the mechanical response, we calculated the shape of the surface depression as a function 

of the distance of a contracting volume element from the surface.  Figure 12 shows the 

peak depression depth and FWHM as a function of the distance of the top surface of this 

volume element from the mask blank surface.  The volume element was assumed to have 

a cylindrical shape of diameter 50 nm and height 50 nm, located at different positions 

along the z axis in the multilayer, and is contracting uniformly in the z-direction by 1%.  

The mechanical response of the surrounding material leads to significant differences 

between the free strains and the constrained strains.  Figure 13 shows the constrained 

strains as a function of the z position along the center of the cylinder for the case that a 

volume element in the shape of a cylinder of radius 50 nm that spans the thickness of the 

multilayer contracts in the z direction by 1 %.  In both these calculations, the multilayer 

thickness was assumed to be 350 nm, corresponding to 50 Mo/Si bilayer pairs. 

 

Using our full set of simulation tools, we found that our calculations agree with the 

experimental observation well.  In Figures 4 and 8 we have overlaid simulation results 

over the measurements for the case of the wide electron beam, and in Figures 5 and 6 for 

the narrow electron beam.  In the simulations we used the same electron beam 
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parameters, such as energy, current, and diameter, and mask blank configurations as in 

the experiments.  We were further able to predict the outcome for the case of exposing a 

multilayer of different thicknesses to the wider electron beam, see Figure 7. 

 

V. Discussion 

 

Through extrapolation of experimental annealing data [9], we estimated that in order to 

achieve appreciable silicide formation in the multilayer within one second, a temperature 

rise of at least 420oC over room temperature is required.  According to Figure 11, these 

temperatures are achieved only for currents larger than 160 – 200 nA.  For higher 

electron energies, generally larger currents are required to achieve this temperature 

because a larger fraction of the energy is deposited into or near the substrate.    

 

We have discovered that different physical mechanisms dominate during the electron 

beam exposure of Mo/Si multilayers, primarily depending on the electron voltage and 

current, and multilayer thickness.  At lower currents, which are currents much less than 

100 nA, our calculations show that the temperature rise in the multilayer is too small to 

induce significant multilayer contraction by silicide formation.  However, if the 

multilayer is thin enough and the electron energy is large enough, a fraction of the 

electron energy is deposited into the substrate, leading to its contraction.  For example, 

we calculated that only approximately 5% of the energy of a 10 keV electron beam is 

deposited into the substrate of a mask blank with a 350 nm-thick multilayer film, but this 
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energy is enough to induce significant multilayer contractions.  However, virtually no 

electron energy is deposited into the substrate for a 4 keV electron beam up to 70 nA for 

a multilayer of the same thickness, so that no substrate compaction is expected.  This 

agrees with our experimental findings shown in Figure 7.  We further noticed that for a 

10 keV electron beam, substrate compaction is significant for 25 and 50 bilayer films, but 

not for 99 bilayer films. 

 

At higher currents, which are currents much larger than 100 nA, our calculations show 

that the temperature of the multilayer rises significantly, see Figure 11, and that 

multilayer contraction is expected.  For the case of the thinner multilayers consisting of 

25 and 50 Mo/Si bilayers, the multilayer contraction is concurrent with the substrate 

compaction for an electron beam at 10 keV.  For the thicker multilayer made up of 99 

Mo/Si bilayers, only the multilayer contraction is observed. 

 

Our models also agree with the dependence of the surface depressions on the substrate 

materials.  For example, crystalline silicon substrates are not expected to compact under 

electron beam irradiation.  Further, Si is a good heat sink, preventing the heating of the 

multilayer, so that no deformation of the multilayer on Si is expected during electron 

beam exposure up to 1 µA, as was observed in the experiments.  For a Zerodur substrate 

that has thermal properties more similar to silica than Si, a small amount of compaction 

has been observed [28].  

 



 24

Our results are also consistent with results reported by Mirkarimi et al. [5].  In their 

experiments, an electron beam was used that was 400 µm in diameter.  They reported a 

wavelength shift in the reflectance spectrum of the multilayer, and showed that their 

experimental findings can be explained by multilayer contraction, whereas in our 

experiments using a much smaller electron beam and a much higher current density, 

substrate compaction usually dominated.  Our calculations show that this different 

behavior is due to the different electron beam diameters.  For a larger electron beam, a 

significantly lower current density is required to heat the multilayer to a certain 

temperature than for a narrowly-focused electron beam, because in the case of a large 

diameter, the multilayer is cooled primarily through vertical heat conduction into the 

substrate, whereas in the case of a small diameter, the multilayer is cooled much more 

efficiently by both heat conduction vertically into the substrate as well as laterally into 

the surrounding multilayer.  The energy dose deposited into the substrate is smaller for 

large-diameter electron beams, and substrate compaction is negligible.  This different 

behavior could be demonstrated directly if the absence of the shift in the reflectivity 

spectrum could be measured, but tools with the required micrometer spatial resolution are 

not available to us yet.   

 

Our conventional annealing experiments show that multilayer contraction associated with 

silicide formation can be observed even at temperatures as low as 150oC, provided that 

the annealing time is increased to 2 hours or more.  We observed similar depressions for 

pre-annealed and un-annealed multilayers of 50 Mo/Si bilayers that were irradiated with 

electron currents up to 100 nA.  This again indicates that the substrate is responsible to 
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the electron-beam-induced depressions, since a pre-anneal would change the initial 

silicide thickness, w0, so that according to Equation (2) the film would contract 

differently if multilayer contraction would dominate. 

 

When interface-engineered multilayers with B4C diffusion barriers are irradiated by an 

electron beam, a larger electron current is required to achieve the same depression depths 

than without diffusion barriers, as shown in Figure 9.  Since we expect substrate 

compaction to be the dominant deformation mechanism in this case, and it is expected 

that B4C diffusion barriers primarily retard only the molybdenum silicide formation, this 

results is surprising at first glance.  This behavior can be better understood if the different 

mechanical properties of interface-engineered multilayers [29] are considered.  B4C is 

less compliant than Mo and amorphous silicon [30], so it is expected that B4C-interfaced 

engineered multilayers have a larger Young’s modulus than multilayers without 

interlayers, and our simulations show that this leads to shallower surface depressions, 

which we observed in the experiments. 

 

Besides pointing out the importance of substrate compaction, our work also demonstrates 

the significance of the mechanical response of the whole mask blank.  Mechanical effects 

come into play for smaller affected zones, and are less important for larger affected 

zones, as in reference [5].  We found that the further a contracting volume element is 

located away from the multilayer surface, the shallower and wider the surface 

depressions become.  This agrees with the theory of contracting inclusions in semi-

infinite solids [31], stating that in the presence of an contracting particle, the 
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displacement of a free surface is the same as that of the equivalent plane in an infinite 

solid, increased by a factor 4(1-ν).  ν is the Poisson’s ratio of the particle and the 

surrounding material.  In an infinite solid, displacements in the material surrounding a 

contracting inclusion are smaller for larger distances from the particle, which explains the 

observation of shallower surface depressions for contractions further away from the 

surface.  Further, shells of constant displacements have a larger radius of curvature for 

larger distances from the particle, rationalizing the increase in diameter of the surface 

depressions. 

 

Due to this mechanical phenomenon, substrate compaction generally leads to surface 

depressions that are larger in diameter than depressions due to multilayer contraction.  

This along with the fact that the electron beam is significantly widened by the time it 

reaches the substrate due to scattering in the multilayer explains why we observed surface 

depressions that were much larger in diameter than the diameter of the electron beam.  In 

order to achieve surface depressions of smaller diameters, it is desirable that the 

depressions are confined to the deformation of the multilayer and are not due to the 

compaction of the substrate. 

 

The mechanical response of the mask blank material also has the effect that the surface 

depressions are primarily due to deformations near the surface, as shown in Figure 13.  

Even if the free strains are constant through the thickness of the multilayer stack, as 

assumed in the calculations for Figure 13, most of the substrate deformation is taking 

place at the top and bottom surfaces of the multilayer.  The top surface is free to move, 
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and the bottom surface is less constrained since the substrate material is more compliant 

than the multilayer.  This non-uniform displacement throughout the multilayer stack leads 

to an undesirable shift of the reflectance curve in frequency space, and this shift is 

potentially larger than previously expected [5].  The extent of this effect is not yet clearly 

understood and will need to be investigated in more detail, for example through 

printability modeling. 

 

VI. Summary and Conclusions 

 

In summary, we have developed a suite of models that describe the interaction of an 

electron beam with a Mo/Si multilayer on a substrate, and the models are consistent with 

all of our experimental findings.  We have shown that standard EUVL mask blanks 

consisting of a Mo/Si multilayer on a glass substrate can be deformed by an electron 

beam at relatively low currents below 20 nA.  However, the depression diameters are 

more than 20 times larger than the electron beam diameters, which were less than 20 nm, 

and this is not sufficient for phase defect repair of EUVL mask blanks.  We found that the 

deformations are primarily due to the compaction of the substrate and not the multilayer, 

which inevitably leads to large depression diameters.   

 

In order to realize phase defect repair for EUVL mask blanks, substrate compaction due 

to overspill of the electron beam into the substrate needs to be prevented.  Overspill can 

potentially be prevented by (i) using a lower energy electron beam, (ii) a thicker 
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multilayer, (iii) using an underlayer between the multilayer and the substrate that absorbs 

the beam spillover, or (iv) using a different substrate material.  All these solutions have 

their own advantages and disadvantages.  For example, the solution of using lower 

energies might be technology-limited since it is generally more difficult to focus a high-

current electron beam at lower energies than at higher energies.  On the other hand, using 

a thicker multilayer or an underlayer is economically more expensive and could also lead 

to additional defects in the multilayer.  Further, an underlayer would have to have a low 

thermal conductivity that is at least comparable to the substrate to prevent too efficient 

heat dissipation that would increase the electron beam current requirements, and the 

underlayer would also have to have sufficiently low surface roughness for EUVL mask 

blanks.   

 

Further, our simulations show that phase defect repair requires using an electron beam 

source with higher currents in a small spot diameter than was accessible to us.  Both 

higher electron currents and the prevention of substrate compaction are necessary 

requirements for phase defect repair for EUVL mask blanks.  In case this can be realized, 

it still needs to be demonstrated that the reflectance variation over the repaired defect is 

sufficiently small so that the defect can be considered corrected.  Our mechanical 

simulations have identified a new challenge that even though the stress-free strains are 

uniform through the multilayer thickness, the constrained strains will not be uniform, 

which could lead to a significant drop in the amplitude of the reflected light since the 

multilayer locally does not match the wavelength of the incoming radiation anymore. 
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Finally, our work demonstrates that there are still significant technical challenges to 

making EUVL multilayer phase defect repair a manufacturable technique.  We believe 

that EUVL could still become fit for high-volume manufacturing if (i) the multilayer 

smoothing process [3, 34] continues to advance, and (ii) an EUVL multilayer amplitude 

defect repair process is developed [35]. 
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Appendix: Estimate of the thermal conductivity of Mo/Si multilayers 

 

Thermal conduction in multilayer thin films with length scales smaller than the electron 

and phonon mean free paths is generally not very well understood.  In the absence of 

experimental data, we estimate the thermal conductivity in Mo/Si multilayer following 

the treatment by Anderson [32].   

 

We assume that the multilayer is made up of crystalline Mo and amorphous Si (a-Si), and 

that the thermal conductivities of all layers add up linearly. We further assume that the 

Wiedemann-Franz law holds for Mo thin films, so that there is a linear relationship 

between the thermal and electrical conductivity in Mo films.  We expect that the thermal 

conductivity in Mo films of a few nm in thickness is substantially lower than in bulk Mo 

since the electron mean free path in bulk Mo is approximately 23nm, and interface 

scattering reduces the mean free path in Mo films substantially.   We also assume that the 

a-Si layers do not contribute significantly to the electrical conductivity of Mo/Si 

multilayers, so that the electrical conductivity is dominated by the Mo films.  Finally, we 

assume that the phonon contribution to the thermal conductivity in Mo scales with 

electron contribution for varying film thickness since the scale of disorder has the same 

value for electrons and phonons.  Using experimental data for the electrical resistivity as 

a function of Mo thickness for Mo/Si multilayer [33], we calculate the conductivity of 

Mo films as a function of thickness, as also shown in Figure 14.  As expected, the thermal 

conductivity of thin-film Mo is significantly lower than for bulk Mo.  By neglecting the 
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electrical conductivity of the a-Si we overestimated the electrical conductivity of the 

multilayer and therefore we also overestimated the thermal conductivity of the Mo. 

 

For the a-Si layers we assume that the thickness reduction to a few nm has little effect on 

the thermal conductivity since the length scale of disorder is smaller than film thickness, 

since it is in an amorphous state.  We expect the thermal conductivity to be equal or 

smaller in a thin a-Si film than in bulk a-Si, so that we again overestimated the thermal 

conductivity of a-Si. 

 

Finally, we assume that simple Fourier heat conduction is valid even on the short length 

scales in a multilayer.  We can then estimate the thermal conductivity of the Mo layer to 

be kMo = 5.4 W/mK, and the thermal conductivity the a-Si layer to be kSi = 2.5 W/mK.  

Then, an upper estimate for the in-plane thermal conductivity at room temperature is 
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If we assume that for out-of-plane heat conduction the interface thermal resistance is 

negligible, we can calculate an upper estimate for the out-of-plane thermal conductivity 
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Material ρ (g/cm3) Z W (g/mol) 

Mo/Si coating 5.47 26 59.3 

ULE substrate 2.22 10 60.1 

 

Table I: Values for the mass density ρ, the atomic number Z, and the molecular weight 

W, used in the Monte Carlo simulations of the energy deposition by the electron beam. 

 

 

Material κin-plane 

(W/m-K) 

κout-of-plane 

(W/m-K) 

ρ (g/cm3) 

Mo/Si coating 3.3 2.9 5.47 

Substrate 1.5 2.22 

 

Table II: Values for the materials parameters used in the FEM modeling of the multilayer 

heating. 
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Material Poisson’s ratio Young’s modulus (GPa) 

Glass 0.164 72.6 

Mo/Si coating 0.27 210.0 

 

Table III: Values for the materials parameters used in the FEM modeling of the 

mechanical deformation of the mask blank. 
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Figure 1: Width and height of the surface bump of a multilayer consisting of 50 bilayers 

with a spherical particle between the multilayer and the substrate, as a function of particle 

diameter.  The calculations were performed assuming an ion-assisted smoothing process 

described in [3]. 

 

Figure 2: (a) Electron beam diameter of the microprobe at 10 keV as a function of 

electron beam current.  (b) Electron beam diameter of the SEM at 4, 10, and 15 keV as a 

function of electron beam current.  The beam diameters were estimated by determining 

the resolution of images of gold islands on a carbon substrate. 

 

Figure 3: Depression profile of a Mo/Si multilayer that was irradiated for one second with 

a 12 keV electron beam from the microbeam tool using a current of 20 nA, obtained 

using (a) a ZYGO while light interferometer and (b) an AFM. 

 

Figure 4: Peak depression in Mo/Si multilayer film on a silica substrate as a function of 

electron beam current.  The depressions were produced by a 10 keV and 12 keV electron 

beams with diameters in the range from 500 nm to 3000 nm.  Overlaid are peak surface 

depressions calculated using our models. 

 

Figure 5: Peak depression in Mo/Si multilayer film on a silica substrate as a function of 

electron beam current.  The depressions were produced by 10 keV and 15 keV electron 

beams with diameters in the range from 5 nm to 15 nm.  No depressions were observed 

with a 4 keV electron beam for currents up to 70 nA.  Overlaid are peak surface 
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depressions calculated using our models.  The calculations predict no depressions with a 

4 keV electron beam for currents up to 70 nA. 

 

Figure 6: Full-Width-at-Half-Maximum (FWHM) of the depressions discussed in Figure 

C.  The depressions were produced by 10 keV and 15 keV electron beams with diameters 

in the range from 5 nm to 15 nm.  It is noticeable that the depression diameters far exceed 

the electron beam diameters.  Overlaid are FWHM of surface depressions calculated 

using our models.   

 

Figure 7: Peak depressions of Mo/Si multilayers films on silica substrates as a function of 

electron beam current for different multilayer thicknesses.  Overlaid are peak surface 

depressions calculated from the substrate-compaction model. 

 

Figure 8: Peak depression of silica substrate as a function of electron beam voltage.  The 

depressions were produced by a 10nA electron beam using an exposure time of 5 

seconds. Overlaid are peak surface depressions calculated using our models described.   

 

Figure 9: Peak depression in Mo/Si multilayers with and without B4C diffusion barriers 

on a silica substrate as a function of electron beam current.  The depressions were 

produced by a 10 keV electron beam applied for 1 second. 

 

Figure 10: Fraction electron energy that is deposited into substrate, deposited into the 

multilayer, and backscattered, as a function of multilayer thicknesses for different 



 40

electron energies calculated by Monte Carlo simulations.  The Mo/Si bilayer thickness 

was assumed to be 7nm. 

 

Figure 11: Calculated peak temperature rise in the mask blank as a function of electron 

current for a multilayer consisting of 50.5 bilayers, irradiated by 4, 10, and 15 keV 

electrons.  We assumed the SEM beam diameters, see Figure AC (b).  Indicated by the 

horizontal line is the temperature rise of 420oC, which is the minimum temperature 

requires to achieve appreciable silicide formation in the multilayer. 

 

Figure 12:  Calculated depth and FWHM of the surface depression as a function of 

distance from the top surface of a contracting volume element.  The volume element was 

assumed to have a cylindrical shape of diameter 50 nm and height 50 nm, is located at 

different positions along the z axis in the multilayer, and is contracting in the z-direction 

by 1%.   

 

Figure 13: Constrained strains as a function of the z position along the center of the 

cylinder for the case that a volume element in the shape of a cylinder of radius 50 nm that 

spans the thickness of the multilayer contracts in the z direction by 1 %. 

 

Figure 14: Electrical conductivity of Mo/Si multilayers as a function of Mo thickness 

[33].  On the right axis, the inferred thermal conductivity of the Mo layers is shown. 

 



 41

0 50 100 150
70

75

80

85

90

95

100

105

0.1

1

10

 

FW
H

M
 S

ur
fa

ce
 B

um
p 

(n
m

)

Defect Diameter, d (nm)

 H
ei

gh
t S

ur
fa

ce
 B

um
p,

 h
 (n

m
)

 

Figure 1 



 42

0 50 100 150 200 250 300
0

500

1000

1500

2000

 

 

E
le

ct
ro

n 
B

ea
m

 D
ia

m
et

er
 (n

m
)

Electron Beam Current (nA)
 

(a) 

 

1 10 100
0

10

20

30

40

 

 

Im
ag

e 
R

es
ol

ut
io

n 
(n

m
)

(C
or

re
la

te
s 

w
ith

 B
ea

m
 F

W
H

M
)

Electron Beam Current (nA)

Electron Energy
 4 keV
 10 keV
 15 keV

 

(b) 

 

 

Figure 2 



 43

 

 

 

Figure 3 

 

 

 

1 10 100 1000
0.1

1

10

100

Electron Energy
 12 keV
 10 keV

 

 

Pe
ak

 D
ep

re
ss

io
n 

(n
m

)

Current (nA)

10 keV

12 keV

 

Figure 4 

 

5 µm 

6nm 0nm

1 µm 

6nm 0nm

(a) (b) 



 44

 

1 10 100 1000

1

10

100

4 keV

 

 

D
ep

re
ss

io
n 

D
ep

th
 (n

m
)

Electron Beam Current (nA)

Electron Energy
 15 keV
 10 keV

10 keV

15 keV

 

Figure 5 

 

 

1 10 100 1000

10

100

1000

4 keV

 
 

D
ep

re
ss

io
n 

FW
H

M
 (µ

m
)

Electron Beam Current (nA)

Electron Energy
 15 keV
 10 keV

15 keV
10 keV

beam diameter

 

Figure 6 

 

 

 

 



 45

 

 

1 10 100 1000
1

10

100

99 BL
50 BL

 

 

P
ea

k 
S

ur
fa

ce
 D

ep
re

ss
io

n 
(n

m
)

Electron Beam Current (nA)

 25 BL
 50 BL
 99 BL

25 BL

 

Figure 7 

 

2 4 6 8 10
0

10

20

30

40

 
 

D
ep

re
ss

io
n 

D
ep

th
 (n

m
)

Electron Beam Energy (keV)
 

Figure 8 

 

 



 46

1 10 100 1000
0

5

10

15

20

25

 

 

D
ep

re
ss

io
n 

(n
m

)

Current (nA)

 without B4C
 with B4C

 

Figure 9 

0

25

50

75

20 40 60 80 100
0

25

50

75

0

25

50

75

0

25

50

75

 

 

20keV

15keV

10keV

5keV

in substrate

backscattered
 

 

in multilayer

 

 

Fr
ac

tio
n 

of
 E

le
ct

ro
n 

E
ne

rg
y 

(%
)

Number of Mo/Si Bilayers

in multilayer

in substrate

backscattered

 

  

 

in multilayer
in substrate

backscattered

 

  

 

in multilayerin substrate

backscattered

 



 47

 

Figure 10 
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